Stress is known to induce dendritic hypertrophy in the basolateral amygdala (BLA) and to enhance anxiety. Stress also leads to secretion of glucocorticoids (GC), and the BLA has a high concentration of glucocorticoid receptors. This raises the possibility that stress-induced elevation in GC secretion might directly affect amygdaloid neurons. To address the possible effects of GC on neurons of amygdala and on anxiety, we used rats treated either acutely with a single dose or chronically with 10 daily doses of high physiological levels of corticosterone (the rat-specific glucocorticoid). Behavior and morphological changes in neurons of BLA were measured 12 days after the initiation of treatment in both groups. A single acute dose of corticosterone was sufficient to induce dendritic hypertrophy in the BLA and heightened anxiety, as measured on an elevated plus maze. Moreover, this form of dendritic hypertrophy after acute treatment was of a magnitude similar to that caused by chronic treatment. Thus, plasticity of BLA neurons is sufficiently sensitive so as to be saturated by a single day of stress. The effects of corticosterone were specific to anxiety, as neither acute nor chronic treatment caused any change in conditioned fear or in general locomotor activity in these animals.
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amygdala ͉ glucocorticoid ͉ neuron S tress is known to cause structural alterations in neurons of the central nervous system including changes in dendritic architecture and density of spines. For example, chronic restraint stress reduces dendritic length and number of branch points of hippocampal neurons (1) (2) (3) . This atrophy of hippocampal neurons is known to be correlated with behavioral deficits in hippocampal-dependent spatial memory tasks, such as the Morris water maze (2) (3) (4) (5) (6) (7) . In contrast, chronic immobilization stress enhances dendritic length, branch points, and spines in neurons of basolateral amygdala (BLA) (8, 9) . In addition to such dendritic hypertrophy in the amygdala, animals treated with chronic immobilization stress show enhanced anxiety (8) (9) (10) . Thus, structural alterations in the hippocampus and amygdala are associated with concomitant behavioral alterations.
Stressful stimuli activate the hypothalamus-pituitary-adrenal (HPA) axis, leading to secretion of stress hormones, including glucocorticoids (GCs) (11) (12) (13) . GCs play important roles in organizing the stress response by binding to glucocorticoid receptors in peripheral tissue and in brain. Both the hippocampus (14) and the BLA (15) have high concentration of GC receptors. Chronic GC treatment is known to cause the neuronal atrophy in the hippocampus and spatial memory deficits (16) (17) (18) similar to that seen in stress, leading to suggestions that GC secretion is critical in stressinduced hippocampal damage (5) . However, the effects of GC on amygdaloid neurons remain unknown. Specifically it is not known whether high GC concentrations alone are sufficient to induce dendritic hypertrophy of BLA neurons and accompanying anxiety. Interactions between GC and the BLA might be important for understanding the high levels of GCs and enhanced anxiety observed in several neuropsychiatric disorders.
In the present article, we investigate whether acute and chronic treatment with corticosterone (CORT), the predominant GC of rats, can influence amygdaloid neuronal structure and anxiety. We specifically address whether acute GC treatment is sufficient to induce robust effects on neuroarchitecture and behavior.
Results

Effects of CORT on Cellular Morphology of the Amygdala Neurons.
The effect of vehicle or CORT treatment for various lengths of administration was studied (Fig. 1 Inset) . Dendritic arborization of BLA neurons was measured in terms of dendritic length and number of branch points. In terms of dendritic length, a two-way ANOVA revealed significant main effects of duration [chronic Ͼ acute; P Ͻ 0.001; supporting information (SI) Table S1 ], of treatment (CORT Ͼ vehicle; P Ͻ 0.001), and of their interaction (P Ͻ 0.01). Differences in number of branch points followed similar contours (P Ͻ 0.001 for main effect of treatment and interaction), except that main effect of duration did not reach statistical significance (P ϭ 0.09).
When compared with acute vehicle treatment, acute CORT treatment increased total dendritic length (Fig. 1 A; 54% increase; P Ͻ 0.00001) and total number of branch points ( Fig. 1B;  23% ; P Ͻ 0.0001) in spiny principle BLA neurons 12 days later. Such treatment also increased the farthest radial distance from soma where the presence of dendrites could be detected (radial extent from soma; CORT-treated ϭ 275 Ϯ 8 m, vehicletreated ϭ 229 Ϯ 7 m; P Ͻ 0.001) and enlarged BLA volume (Table 1) . In contrast, these CORT-induced effects were not demonstrable 1 day after acute treatment (P Ͼ 0.75), suggesting that a temporal delay was necessary.
Both chronic vehicle and CORT treatment caused dendritic expansion as compared with acute vehicle treatment ( Fig. 1 C and D; Ͼ 79% increase in total dendritic length; P Ͻ 0.0001) and to equivalent extents (P Ͼ 0.15). Representative camera lucida drawings of neuron from the different treatment groups are depicted in Fig. 2 for qualitative comparison. Moreover, both treatments increased BLA volume (Table 1) and to equivalent extents.
A detailed segmental analysis was performed by measuring dendritic arborization as a function of radial distance from the soma (Sholl analysis; Fig. 3B Inset) . The values for the initial nine segments was analyzed by using two-way ANOVA with repeated measures (treatment and duration as intersubject source of variance; segments as intrasubject variance; Table S1 ). Intersubject analysis revealed significant main effects of duration (chronic Ͼ acute; P Ͻ 0.01), of treatment (CORT Ͼ vehicle; P Ͻ 0.001), and of their interaction (P Ͻ 0.01); the only exception was a nonsignificant main effect of treatment in terms of branch point numbers. Similarly, intrasubject analysis revealed significant main effect of segments and of their interaction with group and duration (P Ͻ 0.01).
Segmental analysis showed that, in the case of acute CORT treatment, dendritic expansion was distributed along a wide range of dendritic segments ( Fig. 3 A and B) . For example, acute CORT significantly increased dendritic length at radial distances between 25 m and 225 m from the soma (P Ͻ 0.05; Fig. 3A) .
Unlike acute treatment, segmental dendritic measurements were comparable between neurons from animals treated chronically with either CORT or vehicle ( Fig. 3 C and D) . (Table S1 ). The number of enclosed-arm entries did not show significant main effects of treatment and duration or of their interaction (P Ͼ 0.2).
As compared with acute vehicle-treated rats, acute CORT treatment reduced open-arm exploration, an indication of enhanced anxiety ( Fig. 4A ; 39% reduction in percentage open-arm entries and 63% reduction in percentage open-arm time; P Ͻ 0.05) amid no change in locomotor activity ( Fig. 4B ; P Ͼ 0.2). In contrast, these CORT effects on anxiety were not demonstrable 1 day after acute treatment (P Ͼ 0.35), suggesting that a temporal delay was necessary for the effect of CORT treatment on anxiety.
Consistent with the observed similarities in dendritic arborization, chronic, vehicle, or CORT treatment did not alter open-arm exploration (one-way ANOVA, P Ͼ 0.5; Fig. 4C ) or locomotor activity (number of closed-arm entries: vehicle-treated: 4.9 Ϯ 0.97; CORT-treated: 4.2 Ϯ 0.63; P Ͼ 0.6; Fig. 4D) . Additionally the open-arm exploration in chronically treated groups was comparable to untreated naïve control animals (one-way ANOVA, P Ͼ 0.5). 
Effects of CORT on Fear Conditioning and Extinction.
Performance of animals during training, testing, and extinction of fear conditioning was analyzed by using two-way ANOVA with repeated measures. None of the parameters exhibited significant interaction between treatment and duration (Table S1 ). Foot shocks delivered during the training caused a substantial and similar increase in freezing in animals acutely treated with either vehicle or CORT (Fig. 5A ). Both experimental groups demonstrated conditioning comparable to the auditory cue, as determined by a similar amount of time freezing (Fig. 5B) . During the exposure to conditioned tone, all experimental groups exhibited similar temporal profiles of freezing (two-way ANOVA with repeated measures, P Ͼ 0.05). When presented with 30 successive tones 1 day after testing (Fig. 5C ), time spent in freezing by both groups dropped steadily, showing no significant difference in extinction of fear memory.
Similar to acute treatment, animals chronically treated with either vehicle or CORT were comparable in terms of fear conditioning (Fig. 5D ), freezing to auditory tone (Fig. 5E) , and extinction of auditory fear conditioning (Fig. 5F ).
Effect of CORT on Physiological Parameters. Among the various groups, there were no differences in relative body weight gain during the experiment, adrenal weight, or thymus weight, as revealed by insignificant main effects and interaction in two-way ANOVA (Table S1 ).
The initial CORT injection raised plasma CORT concentrations 30 min after injection (median baseline before injection ϭ 2.7 ng/ml; after CORT ϭ 229; P Ͻ 0.05, Mann-Whitney test; n ϭ 5). The initial vehicle injection, on the other hand, did not raise CORT levels 30 min later (P Ͼ 0.05). However, vehicle injection increased plasma CORT concentration beginning on the third day of daily injections, having habituated back to the baseline by the ninth day (Table S2 ). The peak CORT recorded during repeated injections was significantly different from the baseline (median baseline CORT ϭ 2.1, peak CORT ϭ 9.7; P Ͻ 0.05).
Plasma CORT concentrations were also determined at a time point when behavior and morphological experiments were initially conducted (i.e., 12 days after the single CORT injection in the acute group and 2 days after the final injection in the chronic group; Table 2 ). It is expected that these measurements were independent of exogenously applied CORT by virtue of being at least 48 h after the last exogenous CORT of vehicle treatment. There was no significant difference among any of the groups (two-way ANOVA, Table S1 ).
Discussion
This study explored dendritic and behavioral changes brought about by acute (1-day) and chronic (10-day) CORT treatment. Acute CORT treatment caused dendritic expansion in the BLA and enhanced anxiety 12 days after treatment; chronic CORT treatment caused no further changes in either of these endpoints. Chronic vehicle treatment produced significant dendritic expansion relative to acute vehicle treatment, such that the magnitude of dendritic arborization was similar to that in chronic CORT animals. Neither acute nor chronic CORT treatment altered the learned fear response.
CORT-Induced BLA Hypertrophy. The ability of glucocorticoids to induce structural plasticity in the BLA has not been previously investigated despite the crucial role of the amygdala in regulation of stress hormone secretion (11) (12) (13) and the presence of a high concentration of glucocorticoid receptors in the BLA (15) . Data presented here support the notion that acute exposure to stress hormones is sufficient to cause long-term plasticity in the BLA. In fact, the magnitude of hypertrophy observed in this study appears greater than that previously observed during chronic stress (8, 9) . The robustness and induction of a long-lasting effect by an acute manipulation makes these results relevant to the long-term response to trauma, gene manipulation of amygdala plasticity, and emotional regulation (19, 20) . Rapid and persistent expression of plasticity induced by aversive experience can be crucial for survival. Such plasticity occurs in the amygdala. For example, a single exposure to a cat can cause long-lasting plasticity in the amygdala and amygdala-dependent behaviors (19) . Similarly, a single acute session of stress is sufficient to cause spine changes in the BLA (8), even though this manipulation does not cause dendritic hypertrophy. Another important feature of the data reported here is the temporal delay, in that dendritic expansion and behavioral changes were present 12 days, but not 1 day, after a single CORT treatment. This indicates that BLA expansion is a delayed consequence of CORT exposure.
Possible Cellular Mechanisms Underlying Dendritic Expansion. Glucocorticoids increase excitability of amygdala neurons by reducing inhibitory GABA currents (21) . Acute glucocorticoid application in BLA slices can also enhance the magnitude of Ca 2ϩ currents and expression of Ca 2ϩ channel subunits (22) . Such greater intake of Ca 2ϩ could trigger cytoarchitectural changes and result in neuronal reorganization. For example, activation of Ca 2ϩ permeable NMDA channels in Xenopus tectal neurons promotes dendritic outgrowth (23, 24) . In rat motorneurons, in vivo delivery of DNA coding for GluR1, a subunit of glutamatergic AMPA channel, results in enhanced branching of the neurons (25) . Similarly, neuronal activity induced by seizures is known to influence neuronal structure, plausibly through increased Ca 2ϩ entry (26) . Thus, the GC effects on neuronal excitability and on cytosolic calcium levels might plausibly influence neuronal structure of BLA neurons. Furthermore, activation of glucocorticoid receptors can directly influence gene transcription by binding to their specific promoter leading to long-term changes in expression of genes related to cytoarchitectural reorganization (27) (28) (29) (30) (31) .
Functional Consequences of BLA Hypertrophy. Dendritic expansion can directly influence electrical properties of the neuron ranging from altered passive electrotonic properties to greater surface area for receiving synaptic inputs (32) . In addition, electrical properties of neurons can substantially change if active voltage-dependant channels are being added on the newly generated dendritic surface. Such enhanced synaptic connectivity and hyperexcitability of the amygdala can potentially have a variety of consequences. Given the stimulating role of amygdala on the HPA axis (12, 13) , amygdaloid expansion could potentially enhance glucocorticoid secretion. A related consequence concerns the fact that the amygdala modulates hippocampal functions (3, (33) (34) (35) , thus influencing mnemonic functions related to stress. For example, the BLA is essential for memory-enhancing effects of glucocorticoids in hippocampus. The amygdala plays an integral stimulatory role in the central autonomic network through which the brain controls several sympathetic visceromotor responses (36, 37) . Thus, amygdaloid expansion could augment such response.
We report enhanced anxiety in response to acute CORT administration, in agreement with prior reports. For example, exposure of a rat to a cat causes a long-lasting increase in anxiety, a phenomenon known to depend on the BLA (19) and on the stress-induced secretion of CORT (38, 39) .
We report that acute CORT is sufficient to induce a long-lasting increase in anxiety and dendritic architecture of BLA neurons. Based on co-occurrence reported here and previous reports (9, 40) , it can be suggested that dendritic expansion in BLA is related to anxiety. This is consistent with the idea that activation of BLA is crucial for emotional regulation and that BLA plasticity is important for emotional change (20, (41) (42) (43) (44) (45) . The relationship between dendritic architecture and behavioral changes has been studied extensively in the context of stress-induced hippocampal atrophy and spatial memory deficits (1, 7) . In the recent past, several studies have focused on a similar relationship between behavioral change and cellular plasticity in the amygdala. This study adds to this emerging body of literature. Nonetheless, it should be noted that evidence for relationship between structural and behavioral changes in the amygdala is based on a small number of studies until now and is purely correlational in nature.
Glucocorticoids are important endocrine mediators of stress reaction. Additionally, their role in emotions, anxiety, and aversive memories has also been investigated independent of stress paradigms. For example, baseline CORT levels can predict predisposition to posttraumatic stress disorder in animal models (46, 47) . Similarly, CORT has also been studied as an important component of associative learning in rat pups, inhibitory avoidance learning in rats, and modulation by the amygdala of hippocampus-dependent tasks (48) (49) (50) (51) (52) . Data presented in this article could have relevance to these paradigms.
Despite having a robust effect on amygdaloid neurons and anxiety, acute CORT treatment did not influence conditioned fear. The BLA is known to be critical for both fear conditioning and anxiety. Previous studies have shown that glucocorticoids influence both conditioning to the aversive stimuli and extinction of fear conditioning (53, 54 ). An important difference between these and the present study is the time elapsed between CORT treatment and behavioral measurements. Whereas previous studies measured fear conditioning and extinction acutely (within 24-48 h), in our experiment 12 days elapsed before behavioral endpoints (53, 54) . Our results suggest that effects of CORT on fear conditioning are not as long-lasting as those on anxiety. Long-term effects of acute amygdala manipulation on anxiety, on the other hand, have been reported several times in the literature (19, 20, 40) .
As shown, acute CORT treatment caused dendritic expansion, relative to acute vehicle treatment. Chronic CORT treatment caused the same degree of expansion, suggesting that the single injection of the acute group was sufficient to produce a ceiling effect. Interestingly, chronic treatment with vehicle itself caused a dendritic expansion comparable to animals undergoing acute or chronic CORT treatments. Furthermore, the examination revealed that chronic injections with vehicle enhanced CORT secretion. Such activation habituated by the ninth day of injections, in agreement with previous reports (55, 56) . Although not comparable in magnitude to the increase in plasma CORT in the CORT-treated animals, activation of endogenous CORT during chronic vehicle treatment was cumulatively sufficient to cause dendritic expansion.
In conclusion, this study demonstrates sustained structural and behavioral plasticity in the BLA in response to acute CORT treatment. This could have relevance in understanding long-lasting neurobiological effects of glucocorticoids and of acute stress.
Materials and Methods
Experimental Animals. Adult male Wistar rats (10 -11 weeks of age at the beginning of experiments) were used. All animals were housed in groups of three with access to food and water ad libitum. Vehicle-treated and CORTtreated animals were housed separately. Animals were maintained in a temperature-controlled room, with a light/dark cycle of 14:10 h (lights on at 0700 hours). All procedures related to animal maintenance and experimentation were approved by the Stanford University Administrative Panel on Laboratory Animal Care (APLAC) and were in accordance with animal care standards outlined in National Institutes of Health guidelines.
CORT Treatment. Rats, randomly assigned to experimental groups, were subjected to either acute or chronic CORT treatment. Acute treatment consisted of a single s.c. injection of CORT (10 mg/kg of body weight) dissolved in peanut oil. This dose is known to result in a CORT level comparable to that of several hours of high physiological stress (57) . Morphological and behavioral endpoints were measured 12 days after the acute injection. Chronic treatment consisted of 10 successive daily s.c. injections of CORT (10 mg/kg), a dose resulting in physiological levels of CORT comparable to that of chronic exposure to major stressors. Morphological and behavioral parameters were quantified 2 days after the last injection. Animals treated with either acute or chronic vehicle (peanut oil) served as respective controls. Separate sets of animals were used for morphological and behavioral studies to dissociate any influence of behavioral testing on morphological parameters measured.
Tissue Preparation. After completion of CORT treatment, animals were killed under deep anesthesia. Brain tissue was removed quickly, and blocks of tissue containing the amygdala were dissected out and processed for rapid Golgi staining. Coronal sections (120 m thick) were prepared by using a rotary microtome (Leica RM2155). Sections were collected serially, dehydrated in absolute alcohol, cleared in xylene, and coverslipped. Slides were coded before quantitative analysis, and the code was broken only after the analysis was completed.
Quantification of Dendritic Arborization. To be selected for analysis, Golgiimpregnated neurons (10 neurons per animal) had to satisfy the following criteria, which have been applied in similar morphometric studies (8, 9) : (i) the presence of untruncated dendrites, (ii) consistent and dark impregnation along the entire extent of all dendrites, and (iii) relative isolation from neighboring impregnated neurons to avoid interfering with analysis. Both spiny pyramidal-like and stellate neurons from the BLA were selected for analysis on the basis of morphological criteria described in the literature (9) . Our analysis of BLA neurons was restricted to those located between bregma Ϫ2.3 mm (medial/lateral, 4.8 to 5.1 mm; dorsal/ventral, 6.7 to 7.5 mm from dura) and bregma Ϫ3.6 mm (medial/lateral, 4.8 to 5.2 mm; dorsal/ventral, 5.6 to 7.6 mm from dura).
Camera lucida tracings (ϫ500X were obtained (Nikon Phase Contrast) from selected neurons and then scanned (eight-bit grayscale TIFF images with 1,200-dpi resolution; Canon MultiPass MP360) along with a calibrated scale for subsequent computerized image analysis. Custom-designed macros embedded in NIH Image software were used for morphometric analysis of digitized images. Total dendritic length and total number of branch points were calculated. In addition, a detailed segmental analysis was performed. By using the center of the soma as a reference point, dendritic length and branch points were measured as a function of radial distance from the soma by adding up all values in each successive concentric segment (Sholl's analysis; segment diameter, 25 m; Fig. 3B Inset) .
Estimation of Amygdala Volume. Brains were harvested after transcardial perfusion with PBS (100 ml) followed by 4% paraformaldehyde in PBS (200 ml). Coronal sections (50 m thick) were collected serially and stained with Nissl stain. A systematic random series of one-in-six section was used for volume measurement of BLA using the Cavelieri principle. Fear Conditioning. Rats were conditioned in two modified observation chambers (30 ϫ 24 ϫ 40 cm; MedAssociates). A load-cell platform, which was located beneath chambers, recorded locomotor activity of rats by measuring chamber displacement. Freezing was quantified as the endpoint and was defined as the cessation of all movements except breathing. Conditioning consisted of three successive presentations of auditory tones (5 KHz, 80 dB, 10 s, intertrial duration ϭ 90 s) coterminating with footshock (1 mA, 1 s). The next day, the strength of conditioning to auditory cue was measured as freezing in response to a continuous tone (3 min, 5 KHz, 80 dB) in a different context. The next day, rats were presented with 30 successive auditory tones (5 KHz, 80 dB, 10 s, intertrial duration ϭ 50 s) to measure the extinction of cued fear conditioning. Both fear to tone and extinction of fear to tone were tested to address whether glucocorticoid treatment influenced any of these independent of influencing other generalized fear, like anxiety.
Elevated Plus
Plasma CORT Concentration. Concentration of CORT in plasma was quantified by using enzyme-linked immunoassay. A separate set of animals was used for these measurements to avoid the effect of blood collection on anatomical or behavioral endpoints. Tail vein blood was collected in heparinized microcapillary tubes and centrifuged (centrifuge model 5415C; Eppendorf) at 10,000 rpm for 10 min to obtain plasma, and CORT titers were assessed by using a competitive enzyme immunoassay kit (Assay Design). To assess the effects of vehicle or CORT injection, blood was collected 30 min after treatment. To assess the effects of chronic vehicle injection, blood was collected on alternate days during 10 days of treatment; peak CORT was defined as the maximum level of CORT obtained. Additionally, in a separate set of animals, blood was collected at a time point when behavior and morphological experiments were initially conducted.
Statistical Analysis.
Values are reported as mean Ϯ SEM, and percentage changes are calculated with respect to corresponding control values. Statistical analysis was performed by using two-way ANOVA with treatment (CORT or vehicle) and duration (acute or chronic) as intersubject sources of variance. In circumstances where an intrasubject source of variance was present, analysis was performed by using two-way ANOVA with repeated measures. Significant effects of ANOVA were further analyzed post hoc with Student's t test. Effects of treatment on CORT levels were assessed by using the nonparametric Mann-Whitney U test. 
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